Introductory paragraph
Increasing evidence suggests imprinted genes influence mouse and human behaviors and cognitive functions. Unlike autosomal imprinted genes, X-linked imprinted genes are expressed in a sex-dependent manner because of male hemizygosity. Therefore, these genes could directly affect sex-specific brain functions and sex-biased vulnerability to psychiatric disorders such as autism 1 .
Comparing lymphoblastoid cell lines (LCL) and peripheral blood mononuclear cells (PBMC) from healthy adult male and females, we identified MAP7 domain containing 2 (MAP7D2) as the first human X-linked imprinted gene. Both in LCL and PBMC, MAP7D2 expression was significantly suppressed in males by maternal imprinting. In each female LCL clone, MAP7D2 was expressed higher in paternally derived allele and was affected by X-chromosome inactivation. In female PBMC, however, reactivation of maternal MAP7D2 alleles was observed. MAP7D2 was expressed specifically in the brain among human tissues with unique isoforms. These results predict a crucial role of MAP7D2 for human sex-dependent neurobiological traits.
TEXT
Whilst early work with imprinted genes focused on their roles in feto-placental development and growth, recent studies indicate that many imprinted genes are highly expressed in the brain and affect brain functions 2 . Disorders caused by imprinted genes, i.e. Prader-Willi syndrome and Angelman syndrome, 3, 4 manifest with behavioral and psychiatric abnormalities 5, 6 .
Also, duplications of the maternally inherited 15q11-q13 region, including the Prader-Willi/Angelman syndrome imprinted gene locus, are the most common cytogenetic abnormality observed in autism 7 .
Although the allelic expression of autosomal imprinted genes is dependent on the sex of the transmitting parent, expression of these genes does not differ between males and females, and this class of genes cannot directly influence sexually dimorphic phenotypes. However, males inherit a single X chromosome invariably from their mother, and paternally expressed (maternally imprinted) X-linked genes can only be expressed in females and influence sex-specific phenotypes 8 .
Supporting this idea, David Skuse and colleagues studied the parent-of-origin effect of the X chromosome on girls with Turner syndrome 9 . They revealed that 45,X m (maternal X chromosome) subjects had impaired social cognition relative to their 45,X p (paternal X chromosome) counterparts.
In a recent mouse study, the four core genotypes (FCG) model clearly showed a sex difference of behaviors (aggression, parenting, habit formation, nociception, social interactions), gene expression (septal vasopressin), and susceptibility to disease (neural tube closure and autoimmune disease) that were determined by sex chromosome complement and not mediated by fetal gonadal hormone 10 .
Several X-linked imprinted genes have been described in mice. In female extraembryonic tissue, the 16 , the same amounts of these ten LCL clones from five females were pooled ( Fig. 1 top) . In addition, the same amounts of freshly established LCL clones from ten males were pooled. RNA was extracted from each pool and compared with X-linked gene expression by microarray containing 1833 sequences and 1050 genes of X chromosome (Roche diagnostics) (Fig. 1 bottom) . From the array data, 121 genes were expressed more than 1.5 fold higher in the female LCL pool with statistical significance (p<0.05). Of these 121 genes, 24 were eliminated because of pseudo genes or withdrawn entries in the database (NCBI Gene;
http://www.ncbi.nlm.nih.gov/gene). For the remaining 97 genes, a second screening was performed by quantitative reverse transcribed PCR (qRT-PCR). The first screening was performed between female and male pooled LCLs (data in triplicate), and eliminated ten genes with no amplification, 53 genes with average expression were higher in males, and 17 genes were expressed higher in females but less than 1.2 fold in males. For the remaining 17 genes, qRT-PCR was performed for each male and female LCL clone, and the statistical differences were analyzed between sex groups.
Throughout these screenings, we found five preferentially female expression genes, MAP7D2, MSL3, HSD17B10, RPS4X and KDM5C ( Table 1 , screening data of other genes are listed in Supplementary Table) . Of these, HSD17B10, RPS4X, KDM5C are previously known to escape X chromosome inactivation [17] [18] [19] and were expressed in females at twice the levels of males. MSL3 is also suggested to escape X chromosome inactivation in LCL. In contrast, the female to male MAP7D2 expression ratio was obviously high (7.90±2.99) (Fig. 2a) , and in all five female LCL clone pairs, MAP7D2 was expressed higher in X p active clones than X m active clones, according to the X m imprinting rule (Fig. 2b) .
Expression array also indicated 99 genes that were expressed more than 1.5 fold higher in males with statistical significance (p<0.05). We also performed the same screening steps for these genes. However no gene fulfilled all criteria.
In the next step, to eliminate Epstein-Barr virus transformation and culture effects of LCL, we tested non-cultured peripheral blood mononuclear cells (PBMC) from normal volunteers to confirm the expression difference of these five genes between sexes. RPS4X and KDM5C showed statistically significant female dominant expression. MAP7D2 is expressed markedly in female PBMC, 18.38±1.69 folds greater than in males (Fig. 2a) , and this female dominancy was observed independent of age without gonadal hormone effect (Fig. 2c) .
We used a MAP7D2 SNP (c.662A>G, p.N182S) to examine allelic expression status.
Screening five female LCLs and the blood DNA of 22 female volunteers, one LCL (LCL-F3) and a volunteer were confirmed to have this SNP. RT-PCR and direct sequencing were performed to both clones of LCL F3 and PBMCs from the SNP positive family. Only one allele is expressed in each LCL clone due to X chromosome inactivation (Fig. 3a) . However, female PBMCs showed bi-allelic expression of MAP7D2, and reactivation (loss of imprinting) of MAP7D2 on the X m allele was demonstrated (Fig. 3b) . Similarly, mouse X-linked imprinting genes, Xlr3b, Xlr4b, Xlr4c and Rhox5, are expressed biallelically in females at various stages and in various tissues 1 .
To determine the expression profile of MAP7D2, we performed qRT-PCR on a human tissue RNA panel (FirstChoice® Human Total RNA Survey Panel, Ambion) (Fig. 4 top) . MAP7D2
showed a keen tissue specific expression pattern, with the most expression in the brain, followed by placenta, testes, kidney, thymus and female PBMC. The relative brain expression ratio was 38.9
fold to female PBMC. MAP7D2 has several mRNA variants depending on the inclusion of exons 6 and 7 and different frames of exon 8. We determined the expression of mRNA variants in each tissue by RT-PCR spanning exon 5 to 8 (Fig. 4 bottom) and female (n=3) tissues, and no difference of expression between sexes was observed in any tissues, including brain, muscle, intestine, lung, liver, spleen, kidney and heart (data not shown).
Microtubules consist of polymers of α, β-tubulin heterodimers whose assembly plays an essential role in adaptation and maintenance of the cytoskeleton. In nervous tissue, microtubules act in the formation and maturation of axons and dendrites, and microtubule-associated protein (MAP),
MAP1A, MAP1B, MAP2
and MAPT control microtubule dynamics in vivo 20 . MAP7 was cloned by screening a HeLa cell expression library with antisera against crude microtubule-binding proteins.
MAP7 is predominantly expressed in epithelial cells and may play an important role in reorganization of microtubules during polarization and differentiation 21 . MAP7 expression correlates to prognosis of colon cancer 22 , spermatogenesis 23 , and schizophrenia 24 . We checked Fig.) . These data suggest that MAP7D2 is brain expressing MAP and its function in the brain is much more significant than MAP7. Furthermore, sex-dependent MAP7D2 expression could be regulated specifically within the brain and during the developmental stage, possibly due to differences of the neural architecture of the brain between males and females. Also, PBMC data showed that maternally imprinted MAP7D2 can be reactive. MAP7D2 imprinting is not fixed, and the epigenetic modifier could account for its expression level, as MAP7 expression is affected by retinoic acid 23 . Imprinting genes affect brain phenotype including some neuro-developmental disease. For example, despite intensive studies, DNA sequence variations including single gene mutation and copy number variants are not envisioned to be a major cause of autism spectrum disorders (ASD) 25 , although imbalanced genomic imprinting in brain development may be an etiology 26 .
In conclusion, we identified the first human X-linked maternal imprinting gene MAP7D2
and demonstrated its specific brain expression with unique isoforms. MAP7D2 seemed to be a brain specific microtubule-associated protein and was implicated in sex-dependent neuro-developmental phenotypes including cognitive functions and some psychiatric disorders with sex-biased vulnerability. Statistical analysis. Gene expression array data were analyzed with NANDEMO Analysis 1.0.2 software (Roche diagnostics Japan). X-linked genes, which were expressed more than 1.5 fold higher in female pooled LCL than males, were selected. The difference of mean log ratios between two samples was analyzed by unpaired-t test, and P < 0.05 (double-tailed) was considered statistically significant. qRT-PCR data sets of each male and female LCL clone or PBMC were evaluated by F-test first, then equal variance data were analyzed by unpaired-t test, and unequal variance data were analyzed by Welch's t test. MAP7D2 expression in female LCLs was not normally distributed, hence Wilcoxon signed-rank test was performed. Tukey's HSD test was performed to compare the data set between three groups.
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